The complete nucleotide sequence of the RNA genome of Jembrana disease virus (JDV), a lentivirus that causes an acute disease syndrome in Bali cattle (Bosjavanicus), is reported. In addition to the gag, pol and env genes and flanking long terminal repeats (LTRs) that characterize all retroviruses, a number of accessory genes represented by small multiply spliced ORFs in the central and 3'-terminal regions of the genome, including tat and rev that are typical of lentiviruses, were identified. The genome of JDV was 7732 bp in length, 750 bp smaller than the genome of bovine immunodeficiency virus (BIV) strain BIV127. A striking feature of the genome was the many deletions relative to BIV127, the largest of which were 471 bp from the env gene and 157 bp from the U3 (promoter) region in the LTR. There were also several insertions of up to 33 bp in the JDV genome relative to BIV127 found in the env gene and small ORFs that overlap env. Other significant genomic differences between JDV and BIV127 included changes to cis-acting sequences throughout the genome such as promoter and enhancer sequences in the LTR, the trans-activation response region, splice sites and frameshift sequences; alterations to the gag precursor protein cleavage sites and thus the processed products; loss of the vpw and vpy ORFs; and amino acid changes in all coding regions. The significance of these changes is discussed in relation to the differences in pathogenicity between JDV and BIV.
Introduction
Jembrana disease is an acute, often fatal disease of Bali cattle (Bos javanicus) endemic in parts of Indonesia. After a short incubation period of 5-12 days, affected animals show clinical signs of fever, lymphadenopathy and lymphopenia, at which stage high viral titres of 10 s infectious units/ml are found in the plasma (Soeharsono et al., I990; Soesanto et al., 1990) . Pathological changes reflect an intense lymphoproliferative disorder affecting most organ systems except the central nervous system (Dharma et al., 1991) . Lymphoid tissues of all organs, particularly in the enlarged lymph nodes and spleen, feature proliferating lymphoblastoid cells predominantly throughout parafollicular (T cell) areas, and atrophy of * Author for correspondence. Fax +61 9 310 4144. e-mail wilcox @ numbat.murdoch.edu.au t Present address: Department of Biomedical and Tropical Veterinary Sciences, James Cook University of Northern Queensland, Townsville, QLD 4810, Australia.
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follicles (B cell areas). A proliferative lymphoid infiltrate is also found in the parenchyma of most organs, particularly the liver and kidneys (Dharma et al., 1991) and an infiltrate containing proliferative macrophagelike cells is found in the lungs (Budiarso & Rikihisa, 1992) . In fatal infections, death is attributed to multisystem involvement. In non-fatal infections regression of lesions commences about 5 weeks post-infection and recovered animals are resistant to further development of clinical disease (Dharma et aL, 1991) .
Jembrana disease virus (JDV) has recently been characterized as a retrovirus (Kertayadnya et al., 1993) , and more recently as a lentivirus related to bovine immunodeficiency-like virus (BIV) on the basis of 598 bp of sequence data from a conserved region of the pol gene encoding the reverse transcriptase (RT) protein (Chadwick et al., 1995) . The two viruses showed 76% amino acid sequence identity over the region sequenced, and a phylogenetic analysis estimated the genetic distance between them as slightly greater than that observed between visna virus and caprine arthritis/encephalitis virus (CAEV), but less than that observed between human immunodeficiency virus type 1 (HIV-1) and type 2 (HIV-2). Despite such a close genetic relationship, the clinical and pathological syndrome associated with JDV 0001-3135 © 1995 SGM
B. J. Chadwick and others infection differs markedly from that associated with experimental BIV infection in taurine cattle (Bos taurus).
BIV infection results in only a sub-clinical disease syndrome, with a transient lymphocytosis, and possibly a lymphadenopathy associated with follicular hyperplasia (Carpenter et al., 1992; Suarez et al., 1993) .
Lentiviruses are typically associated with chronic, progressive diseases involving long incubation periods. An acute disease with a short incubation period such as Jembrana disease is not typical of lentivirus infections, but it is not unprecedented. A mild acute illness, often involving some lymphoproliferative changes, is associated with early stages of infection with HIV (Sinicco et al., 1990) , simian immunodeficiency virus (SIV; Benveniste et al., 1988) , feline immunodeficiency virus (FIV; Yamamoto et al., 1988) , visna virus (Lairmore et al., 1988) and BIV. An acute, severe disease that is remarkably similar in many respects to Jembrana disease has been recently described for pig-tailed macaques infected with a lethal variant of SIVsM ~, designated SIVsMMpBm (Fultz, 1994) . Like JDV, SIVsMMpBm infection causes a severe lymphopenia, followed by a rapid, intense lymphoproliferative disorder in which large numbers of blastic lymphocytes are seen in the parafollicular regions of lymph nodes, spleen and lymphoid tissues of other organs, particularly the gut (Lewis et al., 1992) .
In this paper we report the nucleotide sequence of the complete genome of JDV, its genomic organization, and relationship to B1V and other lentiviruses. In addition to the gag, pol and env genes and flanking long terminal repeats (LTRs) that characterize all retroviruses, we report the presence of a number of accessory genes represented by small open reading frames (ORFs) located in the central and Y-terminal regions of the genome, which are typical of lentiviruses. In particular, accessory genes designated tat and rev, which code for important trans-acting regulatory proteins found in all lentiviruses characterized to date, were identified in JDV.
Methods
Infectious virus was purified by sucrose gradient centrifugation from the plasma of Bali cattle experimentally infected with the Tabanan/87 isolate of JDV as previously described (Wilcox et al., 1992) . Random cDNA fragments were produced from viral genomic RNA using Superscript (BRL) primed with both the random hexarners provided, and oligo(dT), then ligated into pGEM (Promega). Sequencing was performed using the 373A automated DNA sequencing system (Applied Biosystems) and primers complementary to the SP6 and T7 (or M13) elements adjacent to the pGEM multiple cloning site. Sequence data were aligned with the BIV127 complete genome (GenBank no. M32690) using the services offered by the National Institutes of Health (BLAST at NCBI). Protein and LTR alignments were performed using ClustalV (Des Higgins). Other software used for genomic analysis as described in the text included ESEE (The Eyeball Sequence Editor; version 1.09e; Eric Cabot), SeqAid II (Douglas Rhoads), MacVector (version 3.5) and PCFold (version 4.0; Michael Zuker).
Results
Approximately 80 pGEM clones, selected by successive cycles of hybridization and sequencing, were used to derive the entire JDV genome. Clones contained cDNA inserts ranging from 300 b to 4 kb. The nucleotide sequence of the complete RNA genome of JDV, 7732 bp in length, is shown in Fig. 1 , with translations of ORFs. Despite being 750 bp shorter than the BIV127 sequence reported by Garvey et al., (1990) , there was a high degree of nucleotide and amino acid homology observed throughout the two viral genomes which allowed them to be aligned if 27 deletions totalling 897 bp and 17 insertions totalling 147 bp were introduced into JDV (data not shown). Most putative features of the JDV genome were then identified by means of this alignment. The genomic organization of JDV was almost identical to BIV 127, and was consistent with that of all lentiviruses in possessing a number of small ORFs in the central and Y-terminal regions (Fig. 2) .
The LTR
The putative LTR identified for JDV was 397 bp long, which is 192 bp shorter than the LTR of BIV127 (Fig. 3) . The 3' end was delineated by the 17 bp primer binding site (PBS) used for initiation of minus-strand synthesis by the viral RT. This PBS sequence was identical to that used by BIV127, visna virus (Querat et al., 1990) and CAEV (Saltarelli et al., 1990) . The 5' end of the LTR was delineated by an 18 bp polypurine tract (PPT) identified by alignment with BIV127. There was 72% nucleotide sequence identity between the PPTs of JDV and BIV 127, and the last 8 bp were perfectly conserved. The imperfect 7 bp inverted repeats identified at the junctions of the chromosomal DNA and the LTRs of the provirus of BIV127 (5' junction, TGTGGGG; 3' junction, CCCAACA) were also perfectly conserved in JDV. There was, however, one mutation in the dinucleotide immediately adjacent to the PBS that is lost during integration.
The 236 bp U3 region of JDV was 148 bp shorter than that of BIV127. The 5' end of this region overlapped the ORFs of env and rev (exon 2) and alignment with the corresponding ORFs of BIV127 was achieved by the introduction of insertions of 6 bp and 3 bp into JDV oR R~U5 gg,,at ct ,gat a'cTGA~GcTccGAGcccCcAGcTG~A"ccTGTAA;GcAcG"GcTccGcTGGGTAGcccGGCCGA;GTGAATAAA"GTc"TTTGGcTTTCGGcAAG~ACcTG,GTc 120 ORFs predicted to be expressed are annotated• The figure was prepared using MacVector (version 3.5). 
Sequence analysis of Jembrana disease virus
1641 GGCTTAC GGGGGGAATTGAAT GTTT GcATGCTAATTGTTTTAGTAGTGTTA~TACCAATATAcTGGGGAATAGGGGAAGcTGCAAG~AT~AGA~GG~ATAc~ 5520 G L R G E L N V C M L I V L V V L V P I Y W 0 I G E A A R N I D S L D W K W I R AAGGTATTCATAGT AATAATTTTTGTACTT ~ÜGGGTTOCTAGGGGGCTGCTCAGCTCAGAGACAGCATGTGGCTATGCTGCTGAGCCCCCCGGG~ATAAGGC~ ~AC~T 5660 K V F I V I I F V L V g L r~ O G C S A Q R O H V A M L L S P P G I R L P S T V D ATCCCATGG~"I~T GCATTAGCAAT GCTCCCATACCCGACTGT GTACACTGGACAGTGCAGAAGCCAGATCAAAAACACCAACAGATTGAAAACGTGATGGAATTA~TA~T 5760 I P W F C I S N A P I P D C V H W T V Q K P D Q K H Q ~ I E N V M E L ~ E V L D AATGCTACCTTTTTTGAAGTACCAGACCTATTTGACAGAGT GTACCTAGAATTGGCCCGCTTAGATGCAAACAGTACTGGGGTCCCTGTAAATATTCCCCCTACCGGAAT~GC~ 5880 N A T F F E v P D L F D R V Y L E L A R L D A N S T G V P V N I P P T G I S Q V AAQGGAGACTGCT CAAC ~GAGACATTCAAGGGAT~AATGAAACAcTGAGCAcTAGAGGAACT~TAGGGGAGAGAACTTTCCTGAGCATAAGG~cAG~AGGATGGTT ~C~TACT 6000 K O D C S T G D I Q G M N E T L S T R G T L G E R T F L S I R P G G W F T N T T GTATGGTTCTGT GTC CATTGGCCATTTGGATTTATCCAAAGAAAGGAAAATCT GTCAGAAGGGAGTGCTCAGGTAAGAAATTGCC~GACC~T~T~GACCGA~AGCT 6120 V W F C V H W P F G F I Q R K E N L S E G S A Q V R N C L D P I N V T E P R V A AATTATTCCTACT GCCC CTT GGAATACAAAGGGAAGAAcTATATAAACAAGGGGTTGAAGTGTGTAGGAGGAAGGGTAGAcTTGAGTAGTAAc~GGAGCAACATAcAGAccT~TA~T 6240 N Y S Y e p L E Y K G K N Y I N K G L K C V O G R V D L S S N P E Q H T D L L A T GTGGAACATT CTGCCAGAACTTTCGTAATTGTGATATGGT GTCAAGGGACATCTTAATAGGATACCACCCTTC CCAGCAGAAA~TA~ATAT~e~TA~CT~G~G 6360 c G T F C Q N F R N C D M V S R D I r. I G Y H P S Q ~ K Q R I Y I N H T F W E Q GCAAATACACAAT GOATATTGGT GCAGGT C CCAAACTACGGGTTT GTGC CAG~ CCCAGATACAGAAAGACCTTGGAAAGGAGGCAAACCTA~GAGCC~T G~ ~TA 6480 A N T Q W I L V Q V P N Y G F V P V p D T E R P W K G G K P R G K R A V G M V Z SU <> TM TTCCTTCTCGTGTTAGCTAT CATGGCGAT GACAGCATCTGTCAC C GCAGCTGCTAC GCT CGTGAAGCAXCACGCCACGGCACAAGTAGTGGGGAGACT~CG~TCT~ATA~ 6600 F L L V L A I M A M T A S V T A A A T L V K Q H A T A Q V V G R L $ T N L T Y I ACTAAGATACAGAAT CAATACCTGcAccTGTTTCAAAATCTGAACAcA~GAGTTAATAATCTACATCATAGGGTTACTTA~TTGAGTTTTTGGCAGAAGTcCATGAG~A~cTG~ 6720 T K I Q N Q Y L H L F Q N L N T R V N N L H H R V T Y L E F L A E V H E V Q T G CTAGG~GTGT GCCGAGAGGAAGATATT GCCATTTT ~ACTGGC GCCCAGAGGAGGTAGGATTAAACATGACGCTCTGGAATTCTACCACCTGGCAA~TGGAT~CCTACTAC~G 6840 L G C V P R G R Y C H F D W R P E E V O L N M T L W N 8 T T W Q Q W M $ Y Y D Q ATAGAAGAAAACATAT GGAATTT GAAATACAATTGGTCT GAGGC CTTAGAGAAA~AAAGA~AATACT GACGGTTTGGAGCC ~AT~CTTCC GAT~C ~ATOCTC~OT 6960 I E E N I W N L K Y N W S E A L E K G K S N T D • L E P D V F R Y L A D L 8 S 8 SAs Start tmx • TTTACATGGGGTAGTT GGGT GGATAAGCTTGTAT GGCTAGCTTATATACTTTTGGCTTATTTTGC~TTTAAGGTCCTCCAGTGCATCATGTCAAACTTGGGCGCT~C~A~ 7080 F T W G S W V D K L V W L A Y I L L A Y F A F K V L Q C I M 5 N T. G A ~ T R Y *tat exon 2 • S 8 S A 8 C O T W A L K H G Z N rev exon 2 • P P V ~u H V K L G R S N T V S TTGCTGAAT ;CGCAAGAGGATACCGACCCTGCAGGGGAC ;GAGACCAGCCAGACGACCACCGATCCGG~ACACCCCTC~TCTGGGG~ACCTCCGG~GCTGGTCTCAGAAGCT~GI 7200 L LNA~EDT D PAG DGD~ PDDHRS GDT pRS GVp S G'GWS ~K L 8 C " end tat exon 2 I A E C A R G Y R P C R G R R P A R R P P I R R H P S F W G T L R G L V S E A Q GAAGGCAAGAAGATCGGAT~ eTGAT CTTGAGAACAGAATGGCAGAATTGGAGGAACGA~AGGACC~GCGCTGGT~A~CT~TCIT~TCCIGCT~CT; 7320 EG KK I GC L I L RTEW~NWRND LRT LRW LT LGGK I L~ L p L S ,, R R Q E D R M S D L E N R M A E L E E R F E D L A L V D S G G K N P A A P A ~ S h V L L V R I L L B I L S P T F ~ N ~ R G W T V O R K O T O O D D R E r. S P E Ti V S P P S 8 N P F A Y S L S H F S K S K R V D e G E K G N R W G R P G A F P G A GAATATCTGAGTTGGACTG;ATCGAGTCA;GAGAT GGTGGAGATGAGAGAC CTAAAGGA;GAAGATATCCCCGAGGAGG~ATACGCCCAGTTGAGAT~GACACGTA~T~GGAG~TC 7560 E Y L S W T G S S ~ E M V E M R D L K E E D I P E E G I R P V E M * end env; tILY G I 8 E L D W I E S G D G O D E R P K G G R Y P R O O N T P S * end rev exon 2
GGTAGCCAGCCTTTCGGGT~T1~GGCTTGTTGGCAT~2GGCATCTACCCG`PGCCTCCTGTC.~--T~TTAcTCGAGCG~.Cc~AcAACT~CG~C~C~A~TCACA~GG~C
******* . . ** ******** ***** ******* **** *** ** ** ****** ***** was perfectly conserved in JDV, but the CAT box found in most eukaryotic and retroviral promoters (consensus CCAAT) was absent from JDV (Fig. 3) . The R region of JDV was 108 bp in length, 3 bp shorter than in BIV127. There was generally strong homology (67 %) with BIV127, particularly at the 3' end where the poly(A) signal (AATAA) was perfectly conserved. The terminal few bases, which constitute the termination transcription signal, were also well conserved in JDV, culminating in the 'CA' dinucleotide that represents the poly(A) addition site. The 5' end (the putative 5' terminus of the viral RNA genome) has been identified as the trans-acting response (TAR) region of BIV127, to which Tat binds for its effect (Carpenter et al., 1993) . The corresponding putative TAR region of JDV showed more extensive secondary structure than that of BIV (Fig. 4) . Deletion analysis of the BIV TAR region, however, has demonstrated that the first stemloop structure (nt 1-31), which is quite similar between BIV and JDV, is considerably more important for transactivation than structures immediately downstream, which are relatively dissimilar (Carpenter et al., 1993; Liu et al., 1992). It is difficult to predict the degree to which the Tat proteins of BIV and JDV may transactivate each other's promoters.
The U5 region was 53 bp long, 42 bp shorter than in BIV127. Sequence homology of this region in JDV and BIV127 was low, with the exception of the terminal 7 bp inverted repeat described above, and a 'TTGT' tetranucleotide identified in BIV127 that is proposed to be involved with transcription termination, both of which were conserved in JDV (Fig. 3) . * Alternate forms of tat and rev generated by utilization of alternative splice donor site at nucleotide 5299.
The leader region and the gag ORF
The pre-gag leader region of JDV contained a 41 bp deletion relative to BIV127. The sequence previously identified as the major splice donor (SD) of BIV127 (AG. GTGAGT at nt 290; Oberste et al., 1993; Liu et al., 1992) was perfectly conserved in the leader region of JDV, which strongly suggests that it performs the same function.
The gag gene of retroviruses is typically translated as a single precursor protein and cleaved by the viral protease into an N-terminal matrix protein (MA), a capsid protein (CA) and a C-terminal nucleocapsid protein (NC). The gag precursor of BIV, however, is unusual in containing five cleavage sites, giving rise to three additional short processed products designated p2L, p3 and p2 (Tobin et al., 1994) . Only two of the five cleavage sites were conserved in JDV, which suggested that the JDV gag precursor would be processed into MA, CA and NC proteins only. The p2L short protein would be incorporated into CA and both the p3 and p2 short proteins would be incorporated into NC. The estimated molecular masses of the respective processed products of JDV and those reported for BIV127 are shown in Table 1 . Alignment of the gag gene products of JDV and BIV127 showed strong amino acid identity (62%) overall, with 30% substitutions. The other 8% of mismatches were associated with four in-frame deletions in the JDV coding region, including 3 bp in MA, 45 bp in CA, 57 bp in NC and 15 bp in the region of NC that overlaps the pol ORF. This degree of amino acid conservation explains the serological cross-reactivity previously observed between the capsid proteins of BIV and JDV (Kertayadnya et al., 1993) . Also conserved in JDV were the duplicated C-X2-C-X4-H-X4-C motifs of the NC of BIV127, suggested to resemble the 'zincfinger' regions seen in nucleic acid-binding proteins of retroviruses (Garvey et al., 1990) , and the first two amino acids of the MA of JDV (M-K), which probably precludes its myristylation.
The pol ORF
The pol ORF of most retroviruses and all lentiviruses is translated as a gag-pol precursor by a -1 ribosomal frameshift, and includes the protease (PR), RT and integrase (IN) proteins. Recent reports have also described a dUTPase product encoded by a short region between the RT and IN domains of the pol gene of all non-primate lentiviruses except BIV, in which it is only a non-functional remnant (Elder et al., 1992; Threadgill et al., 1993) .
The entire putative gag-pol polyprotein of JDV was predicted to be 1432 amino acids long, with 1027 amino acids translated from the pol ORF (Table 1 ). The pol gene product itself showed slightly stronger amino acid sequence identity (68 %) to the corresponding product of BIV127 than did the gag gene product, and there were only two small in-frame deletions of 6 bp and 3 bp in the JDV pol ORF, in addition to the 15 bp deletion described above in the region of overlap between gag and pol. Like BIV, there was no identifiable region that could potentially encode a dUTPase protein.
Two cis-acting sequences that may be involved in the frameshifting mechanism have been identified for BIV, including a putative heptanucleotide frameshift site (AAAAAAC) and a potential stem-loop structure 8 bp downstream from it (Battles et al., 1992) . The heptanucleotide was perfectly conserved in JDV and the GCrich 12 bp inverted repeats of the stem were not only conserved, but extended to 13 bp (Fig. 5) . There was, however, a single mutation in the five unpaired nucleotides of the loop. A previous report has also described the formation of a pseudoknot structure, which involves base-pairing between the nucleotides of the loop and an inverted complementary sequence downstream of the entire stem-loop structure, as dramatically affecting the efficiency of frameshifting (Chamorro et al., 1992) . The nucleotides of the loop of JDV (CTTCT) represented the inverted complement of a pentanucleotide (AGAAG) located 13 bp downstream from the base of the stem. The pseudoknot formation of the BIV127 mRNA, which would involve base-pairing between the nucleotides of the loop (CTTAT) and either the tetranucleotide previously identified, located 89 bp downstream of the stem, (ATAA; nt 1761-1764; Battles et al., 1992) , or a pentanucleotide located 30 bp downstream (ATGAG; nt 1702-1706). The latter seemed more likely by virtue of its proximity, particularly if G-U base-pairing in RNA secondary structure was considered permissible, as previously reported (Chamorro et al., 1992) . In either case, however, the base-pairing of the JDV pseudoknot was more stable than that of BIV127, and the downstream pentanucleotide was considerably closer to the stem. The frameshifting mechanism of JDV may therefore be more efficient than that of BIV.
The env ORF
The JDV env precursor was 781 amino acids long and is predicted to be processed into a surface protein (SU) and a transmembrane protein (TM) utilizing a cleavage site at a conserved R-A motif (Figs 1 and 6) . Alignment of the JDV env precursor with that of BIV127 required the introduction into the JDV genome of ten in-frame deletions totalling 173 amino acids and 17 in-frame insertions totalling 49 amino acids. There was 31% amino acid identity between the two env genes overall, with 46% substitutions and 23% of mismatches associated with deletions or insertions. The deletions included one of 471 bp, which interestingly occurred in the same region of SU, and entirely encompassed the major deletion of 87 bp previously identified by Garvey et al. (1990) in BIV106, a proviral clone derived from the same isolate as BIV127. The SU of JDV is thus substantially smaller than that of BIV127 (Table 1) , a difference that is exaggerated by the lower number of potential N-linked glycosylation sites identified in the JDV env precursor (Fig. 6) . The TM protein of JDV, however, was very similar in size to that of BIV127.
The env gene product of JDV appeared to be expressed from a singly spliced mRNA, like that of all retroviruses as discussed below. The splice acceptor usually utilized to generate the BIV127 env and rev transcripts (nt 5395; Oberste et al., 1993) was not conserved in JDV. An alternative SA that has been identified for BIV127 (nt 5380; Oberste et al., 1993) was well conserved in JDV (nt 5162); however, the presence of an additional out-offrame start codon in JDV indicated that utilization of this SA would not result in the expression of env for JDV as it does for BIV127, but would result in the expression of a peptide 11 amino acids in length from the same reading frame as the gag ORF. Generation of env transcripts for JDV could only be achieved by utilization of any one of three other potential SAs (Fig. 1) .
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Small ORFs
The most complex lentiviruses are the primate lentiviruses, which possess at least six accessory genes in their central and 3 '-terminal regions, including tat, rev, vif, vpr, nef and vpu (HIV-1) or vpx (HIV-2 and SIV). Of these, vpr, vpu, vpx and nef appear to be unique to primate lentiviruses. Equine infectious anaemia virus (EIAV) is the least complex lentivirus, possessing only tat, rev and probably ttm (Beisel et al., 1993) . BIV possesses tat, rev, v/f and three potential accessory genes, vpw, vpy (formerly W and Y) and tmx (Garvey et al., 1990; Gonda, 1992) • The central region and the 3'-terminal region of the JDV genome contained at least three accessory gene products, vif, tat and rev, that are typical of lentivirus genomes. There was potentially a fourth gene analogous to tmx of BIV127 (Fig. 1) , which is found in the 3'-terminal region in the same reading frame as env, and is expressed from a singly spliced transcript utilizing the same SA as the second exons of tat and rev (see below; Gonda, 1992) • The vpw ORF, described only for BIV127 and a South African strain of visna virus (Querat et al., 1990) , and expressed at least to the level of a spliced transcript in BIV127 (Gonda, 1992) , was not functional in JDV due to stop codons. The vpy ORF, for which there is no evidence of expression in BIV127, was also not functional in JDV. Putative splice sites utilized for the expression of env and all accessory genes were identified according to the consensus sequences (C/A)AG. GTRAGT for the SD site, and Y~N>NYAGG for the SA site, where only the dinucleotides of the intron immediately adjacent to the cutting sites (bold type) were described as invariant (Nevins, 1983) . One, two or even three errors in the remaining six positions of the SD consensus were permitted on the basis of previous reports (Viglianti et al., 1990; Purcell & Martin, 1993) • The putative vtf gene of JDV coded for a protein 197 amino acids long, of which 55 % was conserved compared to BIV127. It appeared to be expressed from a singly spliced transcript utilizing the putative major SD site identified in the leader region and a putative SA site at nt 4370 (Fig. 1) . The SA was conserved relative to a potential SA we have identified for v/f in BIV127 (nt 4585), although none has been previously reported•
The putative tat gene of JDV was predicted to be expressed from a multiply spliced transcript that included two coding exons derived from separate ORFs in the central and 3'-terminal regions respectively (Figs 1 and  2 ). In the first coding exon there was strong conservation of the cysteine-rich region and downstream basic domain found in the Tat proteins of most lentiviruses including BIV127 (Garvey et al., 1990) , which has been suggested to be important to their nucleic acid-binding properties. The SD site utilized by BIV127 at the end of exon 1 (Liu et al., 1992) was perfectly conserved in JDV and the SA of BIV127 exon 2 was strongly conserved, suggesting that they would be the splice sites utilized to remove the intron between the coding exons of the JDV tat transcript. Like the BIV127 Tat protein, the presence of a stop codon prior to the SD implies that utilization of these splice sites would generate a Tat protein translated entirely from the first exon (Liu et al., 1992) . Amino acid sequence identity between the Tat proteins of JDV and BIV127 ranged from 77% in the highly conserved cysteine-rich region described above, down to 8 % in the Y-terminal region.
The SA utilized by the first coding exon of the tat gene has not been reported for BIV127. We identified two potential such SAs at nt 5161 and nt 5216 of BIV127. Of these, only the first was conserved enough in JDV (nt 3943) to be a potential SA, although comparison with the consensus sequence suggested that any one of a number of other potential SAs would splice more efficiently (Fig.  1) . We also identified a potential alternative SD (nt 5299; Fig. 1 ) immediately prior to the stop codon in the JDV tat gene that was not conserved in BIV127. Utilization of this alternative SD would generate a longer Tat protein that would contain 17 amino acids translated from the second exon (Table 1) . This potential SD contained three errors relative to the consensus SD sequence described above, in comparison to the two errors contained in the fully conserved SD, and was therefore considered likely to be utilized by the splicing machinery at a significantly lower efficiency, if at all. The simultaneous use of alternative, cryptic SDs in the splicing events of lentiviral accessory genes is precedented (Viglianti et al., 1990; Purcell & Martin, 1993) , although the use of alternative SAs has been more commonly reported (Oberste et aL, 1993; Tomonaga et aL, 1993; Viglianti et aL, I990; Purcell & Martin, 1993) .
The putative JDV rev gene also consisted of two coding exons derived from separate ORFs located in the central and 3'-terminal regions. The first coding exon used the same reading frame, start codon and SA as the env gene described above, which is similar to the rev genes of BIV127 (Oberste et al., 1993) , visna virus (Mazarin et al., 1988) , CAEV (Saltarelli et al., 1990) and FIV (Tomonaga et al., 1993) . Exon 2 encoded the greater part of the JDV Rev protein, as it does for most lentiviruses. The intron separating the two coding exons was predicted to be spliced out utilizing the same SD and SA as the intron separating the coding exons of tat, which is also similar to the splicing events reported for most, if not all lentiviruses. The putative JDV Rev protein was 213 amino acids in length, which is 27 amino acids longer that the Rev protein of BIV127 (Oberste et al., 1993) . Amino acid sequence identity between the two proteins was only 35 %. Utilization of the alternative SD would generate a putative Rev protein containing 12 fewer amino acids translated from exon 1 (Table 1) .
Discussion
With an RNA genome of 7732 bp, JDV is the smallest lentivirus genome yet reported, being marginally smaller than EIAV (7984 bp; Kawakami et al., 1987) and 750 bp smaller than BIV127. The most striking feature of the JDV genome was the large number of deletions relative to BIV 127. The largest of these included 471 bp from the env gene, 157 bp from U3 and 41 bp from U5 in the LTR, 42 bp from the untranslated leader region, and two deletions of 57 bp and 45 bp from coding regions of the gag gene. There were also several insertions in the JDV genome relative to BIV 127, although these were generally smaller, ranging up to 33 bp, and were exclusive to the env gene and small ORFs that overlap env. Despite the error-prone nature of lentiviral RTs and the extensive genomic variability observed in lentiviral systems in vivo (Querat et al., 1990) , it is unprecedented for two such closely related lentiviruses to feature so many deletions and insertions relative to each other, rather than simple substitutions. The extraordinary degree of genomic variation attributable to deletions/insertions observed in the bovine lentivirus system including JDV, BIV127 and BIV106 may reflect a basic difference in the functional properties of the RTs of these viruses relative to those of other lentiviruses. It is appropriate to consider that the failure of a dUTPase-deficient laboratory strain of EIAV to replicate in macrophages in vitro may be the result of dUTP misincorporations during reverse transcription, leading to high mutation rates and hyper-recombination (Threadgill et al., 1993) . It is plausible that any unusual properties of the RT of the bovine lentivirus group may relate to the lack of functional dUTPase in this group, although it is unclear why the primate lentiviruses should have no need of such a dUTPase function.
In contrast to the mild nature of symptoms associated with BIV infection, JDV infection is associated with a severe, acute and often lethal disease. We have considered the large number of significant genomic differences between BIV 127 and JDV that may contribute wholly or partly to the markedly increased viral expression level and in vivo pathogenicity of JDV. This could include many regions of the genome that have been reported to affect the biological properties in vitro and/or pathogenesis of lentiviruses in vivo. The enhancer elements identified for JDV were markedly different to those of BIV127, and the NF-tc binding site in particular was much closer to the TATA box than that of BIV127. Both the SU-and TM-coding regions of the env gene, which also showed extensive changes in JDV, have been commonly reported to affect viral tropism, cytopathic effects and ability to induce proliferation of resting lymphocytes in vitro, including both B cells and T cells (Chirmule et al., 1990; Johnston et al., 1993; Nair et al., 1988; Westervelt et al., 1992) . These properties have, in turn, been associated with altered pathogenicity in vivo (Fultz, 1991) . A specific association between the Cterminal portion of TM and induction of lymphocyte proliferation (Chirmule et al., 1990; Johnston et al., 1993; Nair et al., 1988) adds further significance to recent reports indicating that this TM fragment is also expressed independently as an accessory gene product in EIAV and BIV (Beisel el al., 1993; Gonda, 1992) , and possibly JDV.
Lymphoproliferative changes have been described in mice transgenic for the tat gene of visna virus (Vellutini et al., 1994) . Other reports have linked the lentiviral Tat protein with cellular activation (Neuveut et al., 1993) and induction of interleukin-2 (Westendorp et al., 1994) . The JDV Tat protein differs from that of BIV127 by a considerable number of amino acid substitutions, which may alone be sufficient to alter its effect on viral expression levels. The possible utilization of an alternate SD site at the end of the first coding exon of tat and rev would further substantially alter the composition of both proteins. The interaction between Tat and the TAR region in the LTR, which was found to contain significantly more secondary structure in JDV than BIV127, offers another mechanism by which Tat could potentially affect viral pathogenesis.
Expression of tat, rev and other accessory genes of lentiviruses from multiply spliced transcripts, and mechanisms of alternative splicing, allow substantial and unpredictable modulations in the patterns of viral expression and even viral infectivity to result from relatively minor genomic mutations to constitutive splice site sequences (Purcell & Martin, 1993 ; Martarano et al., 1994; Viglianti et al., 1990) . Changes to the SAs of the first exons of tat and rev in JDV could lead to differences in splicing efficiencies and therefore expression levels and biological effects of these important regulatory proteins.
Other significant genomic differences between JDV and BIV127 included changes to the gag precursor protein cleavage sites and thus the processed products; alterations to the frameshift sequences in the region of overlap of gag and pol; loss of the vpw and vpy ORFs; and, in all coding regions, changes that would lead to amino acid substitutions.
It is appropriate to consider that many attempts to elucidate the genetic determinants of aspects of viral pathogenesis have failed to specifically define such determinants, finding only that they were multiple. The acute virulence of SIVsMMeBm has been suggested to result from the production of extremely high levels of virus in vivo (up to 105 infectious units/ml) associated with the induction of inflammatory cytokines, which correlated strongly with the ability of the virus to replicate in resting macaque lymphocytes and to activate and induce proliferation of CD4 + and CD8 + lymphocytes in vitro (Fultz, 1991 (Fultz, , 1994 Novembre et al., 1993) . Attempts to identify the genetic determinants of the altered biological characteristics of SIVsMuvBm by direct comparison of its complete genomic sequence with that of the immediate SIVsMM9 parental strain have found that the essential requirements are complex, consist of sequences in both 5' and 3' parts of the genome, and probably involve a duplicated NF-xB enhancer element in the LTR (Dollard et al., 1994; Courgnaud et al., 1992; Novembre et al., 1993) .
Finally, in view of their extensive genomic similarities, it is arguable as to whether JDV and BIV should be considered to represent different viruses, or simply different strains of the same virus, in which case an alternative naming strategy such as' BIV-1' and' BIV-2', or bovine lentivirus type ' 1' and type ' 2' would be more appropriate (Suarez et al., 1993) . In our view, it is appropriate to retain the name JDV, and to consider it and the American 'BIV' isolates as distinct viruses for reasons of both pragmatism and technical taxonomic accuracy. Pragmatically, the diseases caused by the respective viruses are radically different, and JDV is associated with a specific and unique disease syndrome. Technically, the respective viral genomes are sufficiently different by virtue of deletions/insertions to warrant consideration of these viruses as separate entities, despite extensive regions showing a high degree of nucleotide and amino acid sequence identity that would normally only be associated with strains of the same virus.
